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NASA. e was instramental in the developient of
carly cngincering mechanics space technologics,
pariiculatly in spacecraft lemperatare control and STV
(esting. During 37 ycars at JP1, he was the principal
investigator for thiee flight cnginccting 1escarch
experiments, managed three small projects including @
$50M  Spacclab experiment, seved twice as @
program nimager, and represented JP1 in Beadguanicrs
and intereenter management activities related to STS
and Space Station payload integration and test,. Don
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The paper suggests a simple sbrategy for the tailoting
of the ground testing of unmanncd  spacecrall
including considerations of project costs and risks. 1t
is simply stated in five steps: (1) access the specific
project’s requirements and constiaints, (2) vse the
existing compreliensive quality assurance programs as
a puide, (3) jonitize the risks, (4) prionitize the tests,
and (5) tailon (he test progratn as appropiiste. This
approach addiesses the specific praject needs without
unduly compromising the wealth of accunmvlated
flight cxperience.  Tailoting, falls into three
categorics; tailoring of test levels, tailoring of tesl
conhigarations, and tailoring, of test techiniques. Fhiree
examples are included to illustrate these Lypes of
tailoring activitics,  This paper on strategics for
tailoring, spacccraft test standards both advocates for
and cautions against tailoring depending on the
situation.  Applicd sensibly and cacfully, tailoring
can improve the test effectiveness and relax
constraints on ceriain projectiesources. On the othoy
hand, tailoting a product assmancee progiam usually

P inis paper is based on research conducted al the Jet
Propulsion Laboratory, Pasadena, California, sponsorcd
by the NASA Quality Managcment (Payloads) Division
of the Office of Safety and Mission Assurance

incunes some clement of risk and way increase
project costs,
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Introduction - Desipn and spaceflipht experience has
accmmulated over the last tnee decades inan
envitomnent of "success at any cost." This has
resulted in o conpnehensive NASA product assutance
program. This expeticnee has been parily captured in
standads, prefened proceduics, lessons learned, and
like documentation.  In the current environment
whete "suceess at any cost” has been 1eplaced with
“do the best you can within the resouces available,”
there is an acote need to know how to select a subsct
of the most important clements from the
comprehensive program to meet the needs of specific
projects. This sclection process and the custom
stracturing of a reliability test program for cach
project are, for the purpose of this paper, defned as
iloting. The paper will sugpest a simple strategy
for the tailoring of the ground testing of untnanned
spacecraft including. considerations ol piojeet costs
and nisks.

The Strategy - The suggested stategy 18 sinply
stated in hive steps; most of the discossion will deal
with how to take them, The steps e (1) access the
specific project’s requitcments and constraints, (2)
use the existing comprchensive quality assurance
programs as a goide, (3) prionitize the 1isks, (4)
priotitize the tests, and (5) tailor the test program as
appopriate. This approach addiesses the specific
project needs without unduly compronising, the
wealth of accumulated flight experience.

Step (1) - Access Project's Reguirements and
Caonstiaints

Project 1esources include available skills, facilities,
funds, schedule time, and the like. Schedule time,
nol cost, is usually the most critical resouree lmiting
the scope of a test program, as will be discussed later,
In the typical development schedule, most of the
available time is used to scleet contractors, and to




desipn, procure parts, and fabricate the items 1o be
tested. Schedule delays dunng the development of o
spacecraft may shorlen the available Gme remaining
before launch with a resolting reduction in the scope
of the test program.  Somctimes important flight
modes are leftunverified.

The design of the spaceciaft often dictates the
complexity and scope ol the test propram.
Somctimes @ spacectaft design can be configured
without excessive compromise to make it more
testable.  An old puideline, still valid, is to "make
litde things mean almost nothing,” by sclecting a
few controllable patameters and make them dominant.
For example, a thennal design might make a
predictable internal 1adiation hicat exchange dominant
over a large number of uncertain heat conduction
paths actoss mechanical inteifaces. Or the spacecraft,
as in the Galileo, might be mostly shaded from a
vaniable solar heat input and the temperatures foreed
instcad to depend on known and mcasurable internal
power dissipation.

Other design considerations  include  system
redundancics for mote work atouud options in flight,
conservative use of previously qualified hardware, and
adequate weight, power, memory, and expendables
mmgpins.  While these precautions nisy  scch
obvious, they can literally be worth their weight in
pold in the 1eduction of test costs, in the building of
design confidence, and most important in conducting,
a successful mission,

Whatever design evolves, the test program should
addiess the issues associated with it specifically.
What features are new or unfamiliar? Who is going,
to develop the hardware and under what physical
and/or contractual conditions? 1s there previous
experience with the design o1 its component
clements? Which, if any, standard practices directly
apply o1 to what extent should they be altered? Whit
ate the project’s prioritics and constraints?

These and similat questions formn the basis for the
development of a product assurance test plan.
Guidelines, standard pactices, lessons learned lists,
and the plans of similar project developments ae
helpful as background and checklists to assure all
aspects of the design we considered.

Step (2) - Use Yxisting, Quality Program As A Guide

The wealth of spaceflight experience accumulated
throupls the years has been expensive and sometimes
painful 1o obtain. 1t would not be accurate 1o claim
that it has been captwed completely in NASA
documentation.  The formal product assurance
docuientation tends o cmphasize electionic and

software disciplines wnore than electromechanical,
optical, o ¢chemical systems. Whether formally o
informally documented the expeniences of the past
should be used as a tutor wherever possible,

In tailor-making a product asstmance progratn, some
items in the comprehensive standard programs clearly
will not apply. Tor example, a thenmal-vacuum test
for a wshament used in a crew comparitnent would
be itelevant; conversely a crew noise-level test would
be inappropriate for an ummanned  spacecrafl.
However, most standard tests are there for a purpose
and it is essential that this purpose be reviewed before
it is discanded.

The difficulty is, however, that it is hard to separate
the cause and cffect of the clements of a
comprehensive program because they are often
interdependent,  Which pelaunch activity was
1esponsible for a touble fice flight? Could some of
them have been deleted without changing the
outcome? Sometimes it is less expensive in cost and
time to "kiss the idol” than to isolate its effect.
Hopefully, this is the exception. For the most pard
the formal requitements can be justificd based on
developed rationale, and this should be reviewed Lo see
if it applics for the specific design and niission undar
consideration,

Step (3) - Pnioritize The Risks
The eftfective priontization of 1isks is more a product
of experienced judgement than a quantitative
compatison. Historically, priotitization has not been
a critical issue because resources have been available
1o work toward reducing all 1ccopnized nisks, Bven
s0, Tesomees were often misapplicd by ciphasizing
work on relatively minor tisk arcas at the expense of
more crtical ones,

Cunent rescarch at JP1 s attempting, to quantify the
risks (o1 hazards) to mission success. One interesting,
finding of these studies is the significant role of non-
electronic assemblics such as clectiomechanical and
pytomechanical disciete-action assemblics and
continvously tanning mechanical assemblies. The
caution here is o think past the familiar thermal/vac,
vibration, and EMI test programs and include zero-g
deployment, thenmal differential expansion, matcrial
compatibilitics, and wear in the list of 1isks to be
adchessed.




A typical distribution of 1nisks inoa Class A
interplanctiny spacectaft is iustated in Figare 17
As indicated, the nisks associated with the clectuonic
assemblies are typically less than the various types of
nrechanisms, This figure was taken from
unpublished 1escarch activity currently underway at
P which is attempting to identify and quantify the
1isks in a baseline Class A design.

Much 1emains to be done in ordet to quantify risks,
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Figura 1, Distnbution of Fisk in a Typical Class A Spacecrafi

but whethier done subjectively or quantitatively the
idca is to apply the limited iesourees 1o the arcas of
freatest risk while not conipletely ignoting any o f
111( 111,

Step (4) Prionitize The Tests

B cfore discussing the prionitization ol tests, the
relatively low cost of testing should be addiessed. As
previously mentioned in Step (1), the most
constraining projectiesoutcee is vsually scheduole time
not costs. An ceffort i s under way at JP1. to identify
the actual p roject costs of implementing vatious
clements of the product assurance programs. 1)
adequately discuss these findings would be beyond the
scopeof this paper, but Table 1 has been included
here to illustrate the 1elatively staall costs of testing.

Total project test costs vary considerably due to
complexity, development mode, numbers 01
assemblices tested, and to 8o me ext ent accounting,
practices. By looking at the percent of total project
cost devoled to cuvitonmental testing, the relative
size, complexity, and timing of the expendituies can

? Definition of Spricectaft Classification ate pei
NASA NMI-8010.1A asicflcctedin IP1. 1D-1489,
Flight Hquipment Clas sification and P roduct
Asswance Requitements, January 1990, o1 JPL. -
8966, Rev, B, 111 Standard for Flight Instrament
Classification and Product Assumance Requitements,
June 1993,
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Table 10 Peoduict Assurdance Test Costs For Selecwd IPE Poojects

be notmalized. A s shown in column five, the
niximunn testing cost is less than 5% of the total
project development costs and average about half of
that pe ree ntage. 1f product ass urance, quality
assu rance, and testing are combined, the ave rag ¢
project costs for these fow projects is only 5%.

‘The total costs 10 | a specific envitonmiental test are
difficult to isolate. The ditect accountatsle costs for
the test set-up, facilities, instromentation, and test
crew do not account for many indirect engineeting
costs requited to support the test.  For example,
typical in-house JPL. costs for vatious asseinbly level
tests are shownin Figare 2. A minimum cost could
be cateulated using data of this type multiplicd by the
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Figwre 2, Typical Envitonmental Test Costs per tern at JbL

number of tests and the number of asserablies for a
specifie project.

Howcever, this does not account for alarger cost
associated w i th supporting  analysts, planners,
reviewers, obscrvers, anid in absorbing the learning,
curve for new orinexpet icnced personncel. Thie project
taxi-meler cost during the syster ntest period may be
the most significant of all indir cct costs of testing. 1f
the cost of testing is carefully managed it can be kept




telatively Tow. When this occurs, the prionttization
ol tests becomes less critical.

Liven when test costs are held o a minimum thiere are
usually significant schedule constraint on the use of
the flight hard ware.  Ttmay be more benefic ial (o
ciphasize one kind of test over another in ordet to
obtain the most confidence with whatever resources
arcavailable.

There is a general opinton that the assembly
thermal/vae and the system Solar Thermal Vac,
(STV) tests are the most impor tant tests based
primatily on two obscrvations. Fitst, most problems
are discovered in thiese tests and second, these tests
usually best simutate the in-flight conditions. Afler
the thermal/vac tests, the most productive tests have
been the dynamic tests. As mictociieuits evolve into
mote compact denser component s, HEMI tests are
becoming  increasingly cffective in locating
])I()I)ICIIIS.3

There is flight experience that sugpests additional
system- level testing may be needed to reduce in-flight
failures. Figure 3 is a plot of the cumulative numbe
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Figure 3, Failure History of Planct ury Spacecr aft

of flight cquipment failuies for five IPIL
interplanctary spacecraft. This and similar flight data
for Barth orbiters managed by GSFC4 indicate that
the failure rates have not leveled off before launch,
Additionally, similar data from piclaunch systen

331 Internal Document 1)-11 ?95, Rev. A, entitled
Environmental Test B ffectiveness Analysis R cporls,
section TETA T ’0-0005 by [. Gonzalez, EMC Testing
Significance, April 1992,

A Krasich, Jp1 . Internal Report, entitled 1< "1 °01” Interim
Significant Result (R1SE R) Report, RISER(16312-01),
December 1993,

testing at KSC shows that ther ¢ i's no appreciable
change in cquipment failure rates at launel .

Launches are certainly ttaumatic and the vacuum of
space does change atleastthe equipment tempetatuore
distribution. As the failuie 1ate patter o continues
through the fust two to three year s (If flight the
implication of inadequate g round testing is reinforeed,
Continuation of testing until theie is a change in the
rate of failures may be a better eritenia than specifying
a minimmn n umber  of operating houwrs before
launch.

Step (5) - Tailor The Test Program As Appropiiate

The most appropriate tailoting is that which preserves
the maximum applicable accumulated experience yet
addresses the patticular needs of a speci fic project. In
some, possibly nost, cases no tailoring of the
standa 1ds at all i s the naost cconomical and
conscrvative approach. This is because the process of
tailoting itself i s expensive in both time and
chginceting.

The developers of low cost instraments at JPL have
gencrated standard documents desenibing the product
assuranice requitements,  Inserts for cach insttument
classification are pre-approved and can be physically
copicd and inscrted into the instrument project
development plan with a minimum cost.¢

On luger projects, once the obvious nonapplicable
standards are removed from a project product assurance
plan, tailoting often falls into thice categorics;
tailoting of levels, tailoning of configurations, and
tailoting of test techniques.  The following thice
examples are included to illustr ate each of these types
of tailoring.”

(a) Tailoring of Levels - Typically at )1, thete is
poal to kcep the junction temperatme  of
scmiconductor electionics from exceeding specified
levels in flight but to test them at highet
temperatur ¢s duting ground tests in order o aceclerate
the identification o f potential early failures.
However, in asscinblies whete sever al different kinds

SIPL. Internal 1 ocument 1-11295, Rev. A, entitled
Environmental Test B ffectiveness Analysis Repoits,
section THTA 17(). 001( by C. Gonzalez, Adequacy of
Prelaunch Testing Based on Farly Flight Auomalics, July
1993,

03p1. document 1896 6 entitled, JP1. Standard for Flight
Instrument Classification and Product Assurance
Requitcinents, June 1993,

7 BExamples taken from JPL Iuternal Document D-11 608,
Rev A, entitled Guidelines fot Tailoting Space Hardware
Design and Test, June 1994.



of parts anad/or different matetials are packaged
together there may be incompatibilitics of allowable
maximum tem peratures. To achicve the desited
temperatuie on one component a Lest may cxposc
another  component to  an cxcessively high
temperature.

A tailoting technique has been developed which
reduces the maximum test temperatwie level but
extends the test ime i accordance with an Avrthenius
1elationship based on chemical 1eaction rates.® This
accomplishes the same 1eliability goals a di fferent
way, i.c. strives to maintainthe same levelof risk.
Unfortunately, the time extension is gener ally large
and a design change is oflen a better solution if it is
possible.

(b) Tailor ing of Configu rations - One of the most
cffective asse mbly level tests is the thenmal -vacuu m
lest which provides a good approximation of the
teruperatuie distribution formost assemblics. Fo
some assemblies, particularly those with low power
dissipating components and with few mechanical
illtelhlcest]c’ Iw’cell  themand a heatsink, there is little
difference in the temperature distributions if the tests
are conducted in ain rather than vacuu i,

101 some contractors, ther mal vacuum facilities are
limited and substituting ambicent for vacuum tests can
fepiesent a savings in time o1 costs. A JP1 tailoring
guideline for this substitution? calis for an analysis
to show that the temperatuie distribution is not
significantly altered by the ambient test conditions.
However, depending on the design details, theie may
be an additional 1isk incurred because the analysis
itself is notverified by test.  Because of this,
assemblies with high power dissipating components
01 If. components aic penerally thermally tested
only under vacuur n conditions.

(c) Tailoring of Test Techniques - Rescarch for
improved testing techniques is a continuing activity.
Inthe arca of improving the simulation of the launch
chvitonment, a significant improvement has been
developed f o r contiolling vibration tests.
Traditionally, the launch environment has been
simulated with vity ation tests designed to bracket,
with a margin, the measued accecleration levels of
previous launches of the same launch vehicle o
catrier. A new tmethod using force limiting as an

8 Ibid, pg . 1, RTG-001 entitled 1.evel and Duration of the
Assembly Level Thermal Vacouin Yest fpr Electionic
Asscmblics, Febroary 1994,

9 Ibid, pg. 14, RTG-002 cntitled Thermal Vacoumn vs,
Temperature Atiosphetic Tests of Flight Blectronics
Assemblies, January 1994,

additional control paramcter is now being vsed at
L, 10

One of the difficultics of the aceeleration-controlled
approach is the significant difference in the dynamic
impedance between a shaker and the actual flight
intetface. Sometimes elaborate fixtuting is used to
pattially compensate for this mismatch in mass and
stiffness, but often this just transfers the problem
form the spacecr aft-shaker interface to the spacccrafl-
fixtuie intetface.

i recent yeats, force gages have been improved and
arc now avail ableformeasuring flightinterface forces
and for contiolling vibration tests.  These force-
limiting test control methods are curtently
implemented as tailoying guidelines primarily because
of the limited amount Of flight measur ernents. With
more geteral usage and {light experience they are
destined to be adopted as revised o alternate standads,
This example of tailoting is not so much an
out fitting of a project with a custom product
assu rance test program as it is a mnacans of
transitioning to a new standard,

Conclusions

This paper on strategics for tailoring spacectafl test
standards has both advocated for and cautioned against
tailoring. Applicd sensibly and carcefully, tailoring
can imptove the test effectiveness and 1clax
constraints on cerlain project resources, including
weight, power, cost, and schedule time. o112 the other
hand, tailoring a product assutance program usualtly
incurres sorne cler nent of risk and may cost more
simply because of the departute from the staudar dized
documentation, familiai procedures, and available
facilitics.

The 1ate of equipment failures typically has not
leveled off dwing the fust three years after launch,
This suggests that improvements in the pre-launch
tests programs are needed.  With schedule and costs
imcreasingly constrained in the development of space
hardware, tailoring test programs to specific project
needs and yesomces becomes essential. The strategy
presented is not unique but serves as a modelfor a
systematic  determination o ¢ tailor-made test
progiams.

10 1bid, pe.22, RTG-003 entitled Guidelines for
Tailoriug Vibration Tests Using Force Limiting, March
1994,



